Goal of this paper is to investigate the performance of microcombustors, a field currently under rapid development in particular for propulsion, e.g., UAVs and micro-electrical power generators. This study focuses on a cylindrical microcombustor fed by methane and air, with diameter and height 0.025m and 0.06m respectively. A 3D LES simulation with the WALE subgrid scale models, the EDC combustion-chemistry model and the reduced GRIMech1.2 mechanism has been performed. The calculated maximum temperature inside the chamber, the gas exhaust temperature and the combustion efficiency are compared and discussed. Reported results are at 0.05s, that is after 5 residence times. This ultra-microcombustor displays an excellent combustion efficiency which makes it a suitable for application in ultrasmall energy producing devices. This work is part of a broader work that includes an experimental analysis, and it was conceived as a contribution towards a better understanding of the most convenient simulations guidelines for future microcombustor applications, and to a more accurate estimate of the performance parameters to apply to first-order design procedures.
INTRODUCTION
An investigation of the performance of a microcombustor for possible use in ultra-microturbines and micropropulsion is presented in this paper. The field of ultra-micro thermoelectric/electronic devices is rapidly developing under the pressure of new and more stringent requirements posed by the increasing need for portable power generation. There are three main areas of interest for ultra-micro-combustion: propulsion, UAV ("drones") for tactical and meteorological recognissance, and portable electrical power generation. The analysis is aimed at the detection and quantification of scale effects in a methane/air cylindrical combustion chamber of 0.000117m 3 that provides almost 2KW of thermal power. Previous work in micropropulsion relates to scaling laws issues (Janson, 1994; De Groot and Oleson, 1996; Mueller, 1997; Bruno, 2001 ) most focuses on fluid dynamics and combustion (Federici et (Wu et al., 2007) analyzes flame stabilization and flow evolution mostly by means of experiments on swirling combustion chambers fed by hydrogen, methane and propane. Microchambers are much smaller than the one presented here. Among results, combustion efficiencies >90%, in particular with hydrogen, were reported; in combustion chambers with volume smaller than 124mm 3 , stable methane combustion could be achieved only by enriching air with oxygen. Results were compared with CFD simulations employing the global 1-step Westbrook and Dryer kinetic scheme (Westbrook and Dryer, 1981) . In this work a simulation campaign is reported: a 3D unsteady LES method, with the WALE subgrid scale model, the EDC combustion-turbulence model (Magnussen, 1981; Gran & Magnussen, 1996) and chemistry with a reduced mechanism (GRIMech1.2, 1994) defined by 35 species and 177 reactions, using the Arrhenius relations, is used. The GRIMech 1.2 reduced mechanism has been chosen to obtain chemistry as accurate as possible while abiding by the constraints posed by the CFD software capabilities that limit the species equations to a maximum of 50. The "WALE" (Wall Adapting Local Eddy Viscosity) subgrid scale model (Nicoud & Ducros, 1999) has been adopted following the results provided in (Gonzalez et al., 2008) . Temperature, species maps and combustion efficiency values are the most important results presented and discussed. This paper is structured as follows: Section 2 describes the domain geometry and the specified operating conditions; Section 3 contains a brief discussion of the turbulence model, Section 4 discusses the combustion and chemistry models, Section 5 reports the numerical models while Section 6 presents and discusses the results. This work is part of a broader work that includes an experimental analysis, which will be reported and compared in a follow-up paper for a deeper understanding of combustion phenomena in microcombustion chambers.
COMBUSTION CHAMBER AND OPERATING CONDITIONS
The combustion chamber geometry is reported in fig.1 (divided into slices for ease of visualization): the domain is discretized by 870000 unstructured cells, so that at the wall y + ≈5 and ∆y + ≈1 in spite of the high stretching imposed by the elongated geometry. This final mesh has been selected after a mesh sensitivity analysis based on the Swirl number S. This quantity, defined as the axial flux of swirling momentum divided by the axial flux of axial momentum, times the equivalent nozzle radius,
Is a good indicator of the mesh capability to correctly capture the peculiar combination of rotational and axial dynamics of the flowfield. Four meshes have been tested, respectively with 325K, 650K, 870K and 940K cells; they also differ as for the number of circumferential nodes, respectively 79, 160, 240 and 260 (on the circumference of the combustion chamber wall). The swirl number at the inlet section and at cold conditions, has been calculated and compared on the basis of the CPU time. Figure 2 shows that the best compromise between accuracy and CPU time is obtained with the 870K cells mesh. The diameter of the chamber is 0.025 m, its length 0.06 m (aspect ratio=0.416), for a chamber volume of 0.000117m 3 . The methane feeding line has a diameter of 0.0015m, the air duct 0.005m. The exhaust duct on the upper side of the chamber has a diameter of 0.01m. The air intake duct is tangential to the chamber and methane is injected in a direction perpendicular to the air mean flow, to promote swirl.
The dimensions of the chamber have a strong influence on the mixing dynamics, and consequently on the combustion efficiency, due to the strong effects of the aspect ratio (D/L) on the mean streamline curvature and on the swirling motions.
Operating and boundary conditions are reported in Table 1 ; the fuel inlet Reynolds number is in the transitional regime, while the Re air is fully turbulent; this feature is characteristic (and peculiar) of microcombustors; it is well known that the possibility of relaminarization is enhanced by combustion that causes an increase of the effective viscosity of the burning mixture; on the other hand, the slight expansion inside of the chamber introduces a contrasting effect, so that the final regime is determined by the dynamic competition between these two effects. 
where L s (the mixing length for the subgrid scale), ij S (the rate-of-strain tensor for the resolved scale) and S ij d are defined, respectively, as
with κ the Von Karman constant, d the distance to the wall, and V the volume of the computational cell; the model constant Cw is 0.325.
THE EDC COMBUSTION MODEL
The Eddy Dissipation Concept is an extension of the eddy dissipation model that includes detailed chemical kinetics in turbulent flows (Gran & Magnussen, 1996) . It assumes that reactions occur in small turbulent structures, called the fine scales. The length fraction of the fine scales is modeled as (Magnussen, 1981) ,
where ( )* denotes fine-scales quantities and C ξ = volume fraction constant=2.1377 ν = kinematic viscosity The volume fraction of the fine scales is calculated as ξ *3 . All species are assumed to react in the fine structures over a time scale where C τ is a time scale constant, equal to 0.4082. Combustion at the fine scales is assumed to occur as in a constant pressure reactor, with initial conditions taken as the current species and temperature in the cell. Reactions proceed over the time scale τ* and are governed by the Arrhenius rates:
The reaction term in the conservation equation for the mean species i is modelled as:
where Y i * is the fine-scale species mass fraction after reacting over the time τ*.
GRIMech 1.2 MECHANISM: VALIDATION
The GRIMech 1.2 (GRI-Mech Version 1.2, 1994) accounts for 32 species and 177 reactions. It was the dominating methane/air reference mechanism until it was replaced by the GRIMech 3.0 (GRI-Mech Version 3.0, 1999) mechanism; it is at present the methane-air reduced mechanism with the largest number of species and reactions. The GRIMech 1.2 is validated by comparing ignition delay times, t id , and final equilibrium temperatures obtained with GRIMech3.0. Comparisons were performed at the operating micro chamber pressure (2atm) and in a range of equivalence ratios 0.3≤Φ≤1.9, with ∆Φ=0.2. Tables 2a-2b show the percentage differences between the t id predicted by GRI-Mech 3.0 and the GRIMech 1.2 reduced mechanism (that is, GRI-Mech3.0-GRI-Mech12)/GRIMech3.0), while Tables 3a-3b report the final temperature comparison. Negative percentages indicate that the reduced mechanism overpredicts the reference. Tables 2a-2b show that the GRIMech1.2 ignition delay times differences are generally < -10%, but at low temperatures (T≤1100K) the results may differ by as much as +56%. In the temperature range 1200K≤T≤1400K the difference is close to zero; on the average, the GRIMech1.2 predicts slower chemical conversion rates than the detailed mechanism.
Final temperature predictions agree at every Φ: the largest difference is -1.4% and this value occurs only once.
NUMERICAL MODELS
Simulations have been carried out with a Pressure-Based solver that employs an algorithm of the general class of "projection methods" (Chorin, 1968) . In this method the constraint of mass conservation (continuity) is imposed on the velocity field by solving a pressure correction equation. This solver uses a solution algorithm where the governing equations are solved sequentially (segregated from one another) (Fluent 6.3). The SIMPLEC (SIMPLE-Consistent algorithm) (Vandoormaal & Riathby, 1984) , with a skewness correction (particularly useful with this high curvature geometry), is used to resolve the pressure-velocity correcting coupled equation; the SIMPLEC uses a relationship between velocity and pressure corrections to enforce mass conservation and to obtain the pressure field. The unsteady formulation is discretized by a central 2 nd order implicit scheme. The momentum equation, the energy and mixture fraction equations are discretized by the 3 rd order MUSCL (Monotone Upstream-Centered Schemes for Conservatives Laws) scheme (Van Leer, 1979): this scheme is derived by blending a central differencing scheme and a 2 nd order upwind scheme. The pressure equation is discretized by a 2 nd order method.
RESULTS AND DISCUSSION
The results presented here below correspond to 0.05s (5 residence times), with a numerical time step equal to 1×10 -6 s. For the sake of clarity, all figures show the flowfields on slices at 0.01m, 0.03m and 0.055m, (the first and last being the inletand outlet plane respectively). Figure 3 -4 provide the CO and CO 2 maps. They show that the CO-CO 2 conversion takes place far from the inlet section. This is due to the EDC model capability to reproduce "inevolution chemistry phenomena". In fact, this model assumes that the ignition temperature is equal to the local cell temperature, accounts explicitly for species transport properties, and then imposes reaction times as defined by the Arrhenius law. It is apparent that the figures 4 and 5 could be "superimposed", confirming that the CO-CO 2 conversion is the most exothermic reaction among those contributing to the CH 4 oxidation path: this reaction alone releases about 40% of the total reaction heat. Figure 5 shows a hot core and a colder outer zone close the wall. The maximum temperature is close to 2300K, while the temperature at the exhaust section is almost 1270K, indicating that this device could be suitable for turbomachinery applications.
The swirl number S, at the inlet section, is equal to 0.57. It is interesting to note how combustion affects fluid dynamics, and hence the swirl number S, enhancing recirculation: under cold conditions the axial momentum and the swirling momentum are almost equal (see fig. 2 above), S=1, while with reactions the axial momentum is almost double as high as the swirling momentum, S=0.57. The velocity map, that shows zones with very small values in the core of the flow ( fig. 6 ), provides a hint about the complex pattern of large vortex structures inside the chamber. These are even more clearly identified by the inspection of figs.7-8 that show the mean Z velocity on the planes "XZ" and "YZ". These figures report only negative Z-velocities, consistent with the "in-out direction" trough the chamber. The black zones (positive Z-velocities) identify the recirculation bubbles inside the chamber, important for the mixing process. This flow reversal is a result of the particular shape of the chamber, and especially of the fact that the outlet section is perpendicular to the cylinder axis and tangent to its external surface (see fig. 1 ). In particular, such a high value is due to a combination of two factors: 1. The combustion chamber dimensions that are large enough to attain complete reactions 2. The wide recirculation bubbles that assure high mixing level (as said above).
CONCLUSIONS
Scope of this work was the simulation of an air/methane ultramicro-combustion chamber, designed and built at the Sapienza University of Roma, with a nominal thermal power of 2KW. The ultimate goal was that of validating suitable computational tools to design miniature electrical power generators. A simulation using LES with the WALE SGS model, the EDC model and the GRIMech1.2 reaction mechanism is used. Results are reported at 0.05s, that is after almost 5 residence times. Instantaneous maps of different quantities and a combustion efficiency analysis are provided. The EDC model solves the species equations with the local cell properties and explicitly accounts for every transport property.
The analysis focuses both on the species maps and on the temperature maps, and shows that a complete identification of the mutual interactions between local composition and temperature and local velocity fields and swirl numbers are essential for a correct understanding of the combustion phenomena in this type of ultra-micro combustors. The combustion efficiency value (0.986) is in agreement with published results of independent investigations (Wu et al. 2007 ). The first important contribution of this study is the accurate calculation of the temperature field inside of the chamber, that predicts a hot core and a colder zone near the wall, with the maximum temperature close to 2300K -which indicates a high chemical conversion efficiency-and that of the exhaust section close to 1270K -which is a value fully suitable for a downstream gas turbine expander. There are two concurring physical phenomena that contribute to such a high efficiency: 1. The wide recirculation bubbles, due to the particular geometry, lead to efficient mixing processes. 2. The dimensions of the combustion chamber are large enough to allow reactions to proceed to completion.
A future study will focus on the implementation of a detailed mechanism, which ought to lead to a more accurate combustion efficiency prediction. We also plan to compare the final simulation results with suitable experimental data in order to validate the computational model and to obtain useful design information. 
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